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/BSTRACT 

Engine performance and mission studies were 
performed for turbofan engines with supersonic 
through-flow fans. A Mach 2.4 CTOL aircraft was 
used in the study . Two missions were con- 
sidered: a long range penetrator mission and a 

long range intercept mission. The supersonic 
fan engine is compared with an augmented mixed 
flow turbofan in terms of mission radius for a 
fixed takeoff gross weight of 75,000 Ibm. The 
mission radius of aircraft powered by supersonic 
fan engines could be 15 percent longer than 
aircraft powered with conventional turbofan 
engines at moderate thrust to gross weight 
ratios. The climb and acceleration performance 
of the supersonic fan engines is better than 
that of the conventional turbofan engines. 


NOMENCLATURE 

BPR bypass ratio 

CET combustor exit temperature, or 

F thrust 

FPR fan pressure ratio 

ft feet 

g gravitational acceleration, 32.174 

ft/sec2 

hr hour 

Ibm pound mass 

Ibf pound force 

M Mach number 

n mi . nautical mile 

OPR engine overall pressure ratio 

sfc specific fuel consumption IbmAir/lbf 

TAUG augmentor temperature, or 

TOGW takeoff gross weight, Ibm 

U fan tip speed, ft/sec 

W weight, Ibm 

Subscripts 

AB absolute 

ENG engine 

MAX maximum 

0 ambient 


INTRODUCTION 

The intent of the Supersonic Cruise Aircraft 
Research Program (SCR) sponsored by NASA (1972- 
1981) was to identify and investigate areas 
requiring new and improved technology that would 
lead to substantial improvements in perfor- 
mance. 1 The program was focused mainly on 

commercial supersonic cruise aircraft. A number 
of advanced engine concepts were identified by 
the industry as being attractive for a commer- 
cial SST.2-5 The supersonic through-flow fan 
engine was proposed by Advanced Technology 
Laboratories, Inc. and studied by them under 


NASA contract. The results of their studies 
showed that this type of engine may be a more 
efficient powerplant for supersonic cruise 
aircraft than any of the other types being 
considered. 6 Additional in-house studies at 
Lewis showed similar attractive results. 

For the long supersonic cruise range con- 
sidered in the SCR studies, a large part of the 
advantage of this engine is attributed to 
improved engine SFC*s at supersonic cruise and 
to a lesser extent to the increased dry thrust 
to engine weight . 

A preliminary study of the use of supersonic 
through-flow fan engines for CTOL military air- 
craft was initiated to indicate if military 
aircraft would benefit by this engine concept. 
The initial results of this study are presented 
in this paper. 

The study encompassed aircraft with missions 
requiring extended supersonic cruise ranges. 
Two engine types were included in the study: a 

supersonic through-flow fan engine and a conven- 
tional mixed flow augmented turbofan. The 
engines are compared on the basis of mission 
radius for a fixed takeoff gross weight. The 
effect of constraints such as time to climb on 
the engine comparisons are shown. 


DESCRIPTION OF THE ENGINES 

The engine concepts are shown in Figure 1. 
Engine cycle characteristics and weight are 
shown in Table I. 

The supersonic fan engine is similar to a 
two spool conventional turbofan except for the 
inlet and fan. The supersonic fan is a super- 
sonic through-flow fan stage, i.e., supersonic 
absolute Mach numbers at the fan face and stator 
exit. The supersonic fan would lead to improve- 
ments in the overall propulsion system. These 
improvements are a reduction in fan weight 
(single-stage vs. multi-stage), reductions in 
inlet losses (at supersonic flight), and inlet 
weight , and more flexibility in matching the 
engine cycle to the airplane thrust requirements. 

The inlet losses and weight are lower than a 
conventional inlet because little diffusion 
(velocity decrease) of the air is required. As 
shown in figure 2, the fan face absolute Mach 
numbers range from 1 at takeoff to values 
slightly less than free stream during supersonic 
flight. At Mach 2.4 cruise, for example, the 
fan face Mach number is about 2 and the diffu- 
sion of the air is about 400 ft/sec. In a con- 
ventional inlet, the diffusion is about 1,500 
ft/sec. Therefore, less boundary layer bleed 
(and associated bleed drag) is required to 
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accomplish the lower diffusion for the super- 
sonic fan. The lower diffusion also reduces 
spillage drag. These drag reductions result in 
improvements in the overall inlet performance 
shown in figure 3. 

Since the supersonic fan exit Mach numbers 
are always supersonic (fig. 2) the duct nozzle 
could be mechanically simpler (no throat 
required) than a conventional C-D nozzle. This 
could lead to a more efficient and lighter noz- 
zle than a conventional nozzle. However, 
because the fan discharge Mach numbers are 
supersonic, a diffuser is required for the 
engine core air (fig. 1). Only the core of this 
engine is equipped with an augmentor. The con- 
ventional engine used for comparison is a two 
spool mixed flow augmented turbofan (fig. 1) . 
The same technology was assumed for the cores of 
both engines. 


METHOD OF ANALYSIS 

The study reflected differences in engine 
thrust and SFC, pod drag, and propulsion system 
weight. Mission performance calculations were 
made to determine mission radius as a function 
of sea level static thrust/gross weight for a 
fixed takeoff gross weight and payload. 

Two missions were selected to study the 
engines for a variety of flight conditions and 
requirements. The mission profiles are illus- 
trated in figure 4. Mission A is a predomi- 
nately supersonic mission similar to a pene- 
trator type mission and mission B would be 
similar to a supersonic intercept with a sub- 
sonic loiter capability. The total range is the 
sum of the climb/acceleration, cruise, and let- 
down ranges. Fuel reserves include an enroute 
contingency of 5 percent of the mission fuel and 
provision for a 20 minute loiter. 

The airplane used is the study is an arrow 
wing vehicle with podded engines. The airplane 
gross weight (75000 LBM), payload (6000 LBM), 
and operating empty weight less propulsion 
weight remained fixed so that the mission radius 
varied with changes in engine performance and 
weight . 

The installed engine performance for the 
engines was computed with the engine cycle com- 
puter program of reference 8 which performs 
cycle calculations, design, and off-design on a 
component by component basis. Except for the 
supersonic fan, the component aerodynamic char- 
acteristics, efficiencies, and cooling require- 
ments for conventional fans, compressors, tur- 
bines, combustors, etc. used in the program were 
the same for both engines. For the supersonic 
fan a baseline design adiabatic efficiency of 
0.85 was assumed and the aerodynamics were 
obtained from reference 6. Installation losses 
included inlet and nozzle drags and nacelle 
friction drag. 

The airflow schedule and performance of a 
Mach 2.4 translating centerbody inlet was used 
for the conventional turbofan engine. The inlet 
drag penalties shown in figure 3 include spill- 
age, bypass, and bleed. The inlet for the 
supersonic fan would be a low compression 


device. The pressure rise across the inlet at 
Mach 2.4 would be about 2 compared to 10 for the 
conventional inlet . Preliminary performance 
estimates of the supersonic fan inlet were taken 
from reference 7. The core diffuser is dif- 
ferent from a conventional inlet . Except for 
starting, inlet Mach numbers are always super- 
sonic ranging from 2 at takeoff to 3 at Mach 2.4 
cruise (fig. 2). Because no data exists for 
this type of diffuser, a typical Mach 3 inlet 
pressure recovery of 0.85 was assumed. This 
component would be a required area of research. 

Propulsion system weight estimates for the 
conventional turbofan and the core of the super- 
sonic fan engines were calculated using the 
methods from reference 9. For the supersonic 
fan and its inlet, nozzle, and core diffuser, 
the weights were scaled from the data of 
reference 7. 


RESULTS AND DISCUSSION 

Engine performance and weight - As mentioned 
previously, the operating characteristics of the 
supersonic fan lead to improved propulsion sys- 
tem performance. In addition to the low inlet 
losses (fig. 3) the cycle can be matched better 
to the aircraft thrust requirements. In the 
conventional bypass engine the bypass ratio 
increases with flight Mach number from 1 at sea 
level static to 1.3 at Mach 2.4. This leads to 
lower dry thrust and an increase in afterburning 
to obtain the required thrust, resulting in SFC 
penalties. For the supersonic fan engine the 

bypass ratio decreases from 1 at sea level 
static to 0.7 at Mach 2.4. However, since the 
bypass air of the supersonic fan engine is 

supersonic, burning in the duct flow would 
entail heavy losses. Therefore, only the core 
nozzle has an afterburner. For the same thrust 
requirement, the supersonic fan engine would be 
a larger engine size than the conventional 
turbofan. 

Figure 5 shows a comparison of the SFC* s of 
the two engines at Mach 2.4. Both engines are 
sized for a sea level thrust to airplane gross 
weight ratio of 0.9 (F = 33750 Ibf ) . The sea 

level static airflow of the supersonic fan 

engine is 370 Ib/sec compared to 260 Ib/sec for 
the conventional turbofan (about 40 percent 
larger) . However, the maximum dry thrust at 
Mach 2.4 is nearly twice that of the conven- 
tional engine. As indicated in figure 5, the 
SFC s of the supersonic fan engine are lower 
than those of the conventional engine. At the 
cruise operating point shown in the figure, the 
SFC of the supersonic fan engine is 10 percent 
lower than that of the conventional turbofan. 

Figure 6 shows the engine performance for 
the Mach 0.8 loiter of Mission B (fig. 4). Both 
engines would operate at low throttle. For the 
operating points shown in the figure, the con- 
ventional turbofan would have somewhat better 
performance than the supersonic fan because it 
is throttled back less. 

Figure 7 shows the climb/acceleration per- 
formance of the two engines sized for the same 
sea level static thrust loading. As mentioned 
before the supersonic fan diameter would be 
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larger than that of the conventional turbofan 
for the same sea level static thrust because it 
has a lower thrust per unit airflow. As shown 
in figure 7, the acceleration/climb thrust of 
the supersonic fan engine is greater than that 
of the conventional turbofan and the SFC’ s are 
significantly better. As seen in figure 8, the 
supersonic fan engine would be about 30 percent 
lighter than the conventional turbofan for the 
same sea level static airflow. For the same sea 
level static thrust, the propulsion system 
weights are about the same. 

Mission studies - For Mission A the major 
part of the fuel is used during supersonic 
flight . Even though the climb/acceleration 
thrust of the supersonic fan engine is greater 
than that of the conventional turbofan (for the 
same thrust to weight airplane takeoff gross 
weight ratio) and the SFC*s are lower (fig. 7). 
The savings in fuel over this portion of the 
mission are small. TTie propulsion system 

weights are also about equal. The supersonic 
fan engine achieves the high mission radii shown 
in figure 9 due to lower SFC*s at Mach 2.4 
cruise (fig. 5). The major improvements are at 
thrust to weight ratios of 0.4 to 0.6 corres- 
ponding to take-off distance of 2500 to 1700 
feet. At higher values of thrust to weight the 
propulsion system weight for both engines 
becomes large. Also, the wing loading (TOGW/S) 
due to increasing wing size, decreases with 
increasing thrust to airplane weight ratios to 
achieve the 3g manuever and wing weight 
increases. The fuel available for supersonic 

cruise becomes small for both engines at high 
thrust to weight ratios. The mission radius is 

about equal for both engines at a thrust to 

weight ratio of 1. However, a five minute time 
to climb requirement could be achieved by the 
supersonic fan engine at a much higher mission 
radius than is achievable by the conventional 
turbofan engine (FA^ = 0.65 vs. 0.95 (fig. 9)). 

For Mission B, the decrease in mission 
radius with increasing thrust to gross weight 
ratios is much the same as for Mission A 

(increasing engine and wing weights) . However, 
above thrust to weights ratios of 0.7 the con- 
ventional turbofan engine achieves higher radii 
than the supersonic fan engine. This is due to 
the 60 minute loiter at Mach 0.8. The conven- 
tional turbofan has better SFC* s at loiter (fig. 
6) . At the higher thrust to weight ratios where 
the total available fuel is decreasing, the 
saving in fuel at loiter becomes more critical. 
However, the supersonic fan engine achieves the 
five minute time to climb requirement at a 
higher radius than the conventional turbofan for 
Mission B also. 


CONCLUDING REMARKS 

The supersonic through-flow turbofan could 
be an attractive engine for advanced military 
aircraft that have a large supersonic flight 
segment. It can achieve higher climb /accelera- 
tion thrust than the conventional engine for 
about the same engine weight due to the savings 
in inlet and nacelle weights and its variable 
bypass operating characteristics which improves 
engine lapse rate. Although only a few mission 
requirements were considered in this study, the 


results indicate that the supersonic fan engine 
can meet these requirements with a better 
mission radius than is achievable with a 
conventional augmented turbofan. 

These preliminary results are attractive 
enough to suggest conducting a more in-depth 
analysis of this engine. Such an analysis 
should include an extensive study of the fan 
aerodynamics and a detailed mechanical study of 
the engine. 
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TABLE I. - ENGINE CHARACTERISTICS 


Characteristic 

Supersoni c 
fan 

turbofan 

Mixed 

flow 

turbofan 

BPR 

OPR 

FPR 

taug^ax 

F/WenG 


1.0 
20.0 
4.0 
3900 R 
3900 R 
7.8 


*Core nozzle only 











,-SINGLE STAGE 
\SUPERSONIC FAN 



^AFTERBURNER 


SUPERSONIC FAN TURBOFAN 



CONVENTIONAL TURBOFAN 
Figure 1. - Engine concepts. 


MACH NUMBER 


ROTOR 


STATOR 




FLIGHT MACH NUMBER 


Figure 2. - Variation of fan entrance and exit absolute 
Mach numbers with flight Mach number. 





MISSION A 
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1. TAKEOFF 

2. CLIMB; MAX POWER 

3. CRUISE; MACH 2.4; OPTIMUM ALTITUDE 

4. 11/2 TURNS; MINIMUM RADIUS; MACH 2.4; 

MAX POWER LEVEL RIGHT 

5. LAUNCH MISSILES 

6. CRUISE; MACH 2.4; OPTIMUM ALTITUDE 

7. FLIGHT IDLE DESCENT 

8. LOITER 20 min ; MACH 0. 45; 15 000 ft 


MISSION B 
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1. TAKEOFF 

2. CLIMB; MAX POWER 

3. CRUISE; MACH 2.4; OPTIMUM ALTITUDE 

4. 60-MINUTE LOITER; MACH 0.8; OPTIMUM 

ALTITUDE 

5. CLIMB; MAX POWER 

6. CRUISE; MACH 2.4; OPTIMUM ALTITUDE 

7. FLIGHT IDLE DESCENT 

8. LOITER 20 min ; MACH 0. 45 ; 15 000 ft 

REQUIREMENTS 
PAYLOAD - 6000 lb 

3 G MANEUVER; SUPERSONIC; MACH 2.4 
5 min TIME TO CLIMB ; SEA LEVEL TO 50 000 ft. ; MACH 2 

Figure 4. - Mission profiles. 


SFC, Ibm/hr/lbf 



SFC, Ibm/hr/lbf 



Figure 6, - Comparison of the supersonic fan turbofan 
and the conventional turbofan engine performance at 
Mach 0.8; altitude-21 000 ft; sea ievel static thrust/ 
gross weight -0.9. 





0 0.5 1.0 1.5 2.0 2.5 


MACH NUMBER 

Figure 7. - Climb/acceleration engine performance of 
the supersonic fan turbofan and the conventional 
turbofan ; sea level static thrust/gross weight - 0. 9. 
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Figure 8. - Installed propulsion system weight. 
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Figure 9. - Comparison of mission performance 
of the supersonic fan turbofan and the con- 
ventional turbofan for mission A; TOGW- 
75 000 Ibm. 



THRUST/GROSS WEIGHT 


Figure 10. - Comparison of mission performance 
of the supersonic fan turbofan and the con- 
ventional turbofan for mission B; TOGW- 
75 000 Ibm. 
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